Magnetosomes are magnetite nanoparticles formed by biomineralization within magnetotactic bacteria. Although there have been numerous genetic and proteomic studies of the magnetosomeformation process, there have been only limited and inconclusive studies of mineral-phase evolution during the formation process, and no real-time studies of such processes have yet been performed. Thus, suggested formation mechanisms still need substantiating with data. Here we report the examination of the magnetosome material throughout the formation process in a real-time in vivo study of Magnetospirillum gryphiswaldense, strain MSR-1. Transmission EM and x-ray absorption spectroscopy studies reveal that full-sized magnetosomes are seen 15 min after formation is initiated. These immature magnetosomes contain a surface layer of the nonmagnetic iron oxide-phase hematite. Mature magnetite is found after another 15 min, concurrent with a dramatic increase in magnetization. This rapid formation result is contrary to previously reported studies and discounts the previously proposed slow, multistep formation mechanisms. Thus, we conclude that the biomineralization of magnetite occurs rapidly in magnetotactic bacteria on a similar time scale to high-temperature chemical precipitation reactions, and we suggest that this finding is caused by a biological catalysis of the process.
S
ince the discovery of magnetic bacteria, the nanobiomineral inclusions synthesized within the cell, termed magnetosomes, have enjoyed considerable interest (1) . Magnetotactic bacteria are ubiquitous Gram-negative prokaryotes that respond to a magnetic field. They are found in fresh and saltwater sediments. Although some strains can be grown under aerobic conditions, magnetosome synthesis only occurs under microaerobic conditions. Magnetic bacteria biomineralize magnetite (and less commonly greigite) crystals within lipid vesicles arranged in chains along the cell (typically 20-40 particles long), which are responsible for the magnetotaxis. The magnetosomes are highly consistent with respect to size and morphology defined for each strain, which suggests a large degree of genetic control over the synthetic process. The bacteria have a sensitive iron-uptake system that can concentrate large quantities of iron within the cell to biomineralize magnetosomes, and it is this biomineralization process that has attracted the most biological and materials science interest.
The process of biomineralization is important with respect to the lineage of evolution because it is the rapid increase in biomineralization that ultimately saw the evolution of skeletal organisms, which is thought to be responsible for the Cambrian explosion (2) . Furthermore, magnetotactic bacteria are the simplest single-cell organisms in which biomineralization occurs and, as such, offer an ideal model system to study the biomineralization mechanism. An improved understanding of biomineralization processes could lead to advances in the inorganic synthesis of similar materials. In particular, knowledge of how magnetite particle formation and morphology are controlled by microorganisms could lead to better control of these parameters for in vitro magnetite formation.
Research efforts have focused on identifying biomineralization proteins. To date, iron transport proteins, scaffold proteins, and vesicle-forming proteins unique to magnetotactic bacteria have been identified (3) (4) (5) (6) . These findings suggest a mechanism for the process whereby Fe 2ϩ is transported into a preformed empty vesicle within the cell. Fe 2ϩ accumulates and forms amorphous ferrous oxyhydroxide, which is then thought to be partially oxidized by an Fe-oxidase; water is then lost, and magnetite is crystallized (7) .
Although much biological research aims to understand the mechanism of magnetosome formation by using proteomic and genetic methods, there is little research on the nature of the actual immature magnetite, and there is no direct evidence to support the proposed mechanism. High-resolution transmission EM (TEM) imaging has shown amorphous material on the surface of particles; however, other than magnetite, no other crystalline phases were observed (8, 9) . Mössbauer analysis of magnetosomes has shown the presence of another iron species, as well as magnetite. It was suggested that this material was composed of immature magnetosomes, and it could be seen from the Mössbauer signal that the material's origin was some oxide or oxyhydroxide of iron. Thus, it was speculated that the signal was from either superparamagnetic magnetite particles that had yet to reach the single-domain size threshold or a precursor material such as ferritin or ferrihydrite (10, 11) . This material has since been assumed to be ferrihydrite because it is the biomineralization precursor to the magnetite component of Chiton's (marine molluscs) teeth (12) (13) (14) . Contrary to this notion, lepidocrocite has been suggested as the magnetosome precursor in a proposed biomineralization mechanism, similar to that of an inorganic magnetite-film process (15) . However, the actual identity of the magnetite precursors in magnetotactic bacteria still remains unknown.
A detailed study of the whole formation and growth process of magnetosomes from a materials perspective would not only complement proteomic and genetic studies, but also would provide valuable insight into the process mechanism and time scale of the biomineralization of the magnetosome. This study would be especially valuable if the material's geometric and magnetic structures could be monitored throughout.
One method of analyzing the structural and magnetic character of materials is x-ray magnetic circular dichroism (XMCD), which probes the magnetic ions to provide information about the site occupancy and oxidization state of these ions. XMCD is the difference of the x-ray absorption spectra (XAS) over the L 2,3 absorption edges, recorded with the magnetization parallel and antiparallel to the circular polarization vector of the x-ray beam. The measured XMCD spectrum is the sum of the components from each magnetic ion in the material. By using calculated XMCD spectra determined for each ion, any given spectrum can be modeled to obtain the relative quantities of each ion within the material. This method has been used previously to probe magnetite and other related iron oxide species (16) Here we report an in vivo experiment to track the formation of magnetite magnetosomes in the bacterium Magnetospirillum gryphiswaldense, strain MSR-1. Magnetosome formation was induced in nonmagnetic cells by creating a microaerobic environment and then adding iron. Samples were taken at set time intervals after the induction, and the magnetosome mineral phase was analyzed by TEM and XMCD.
Results
Large-scale fermenter growth of nonmagnetic cells was performed with the omission of iron at an oxygen tension of 5%. Although trace iron was present in the medium, the O 2 tension is sufficiently high to prevent magnetosome formation. This finding was confirmed by the lack of a mineral fraction and TEM analysis of these cells (Fig. 1a) .
Magnetosome formation was induced by reducing the O 2 tension to 0.5-1%, creating a microaerobic environment, and then adding iron. Previous iron-uptake studies have suggested that the time scale for the initiation of magnetosome formation is Ϸ10 min after induction, and small (5-to 20-nm), immature particles have been observed after 30 min (17) . Then continuous growth of the magnetosome particles was seen over the next 20 h (18). Thus, we adopted a similar time scale. The minimum practical time interval to obtain and prepare the samples was 15 min, and so samples were taken every 15 min after magnetosome formation was induced for the first hour, then every 30 min for the next 2 h, and finally hourly until 10 h after formation was induced. A final sample was taken 24 h after induction was initiated. The utmost care was taken to ensure the termination of the magnetosome-forming processes as soon as the sample was removed from the fermenter. In particular, the samples were collected on ice and were immediately treated with chloramphenicol to halt biological process and protein production. TEM grid preparation, cell density measurements, and centrifugation (2-4°C) were performed simultaneously at this stage. The sample pellets containing the bulk mineral phases were resuspended in cell lysis buffer and plunged into liquid N 2 for storage. The effectiveness of the sampling collection and subsequent protocols were tested before the experiment by means of several dummy runs. These samples were analyzed by TEM, and it was shown that the pretreatment was effective in halting magnetosome formation.
Cells containing full chains of magnetosomes are seen in the first sample 15 min after formation was initiated ( Fig. 1 b and c) . Long chains of magnetosomes of the same size are seen in every subsequent sample thereafter in ever-increasing numbers of cells ( Fig. 1 d-f ). TEM analysis of cells collected 15 min after induction reveals that over half of the cells have long chains of full-sized magnetosomes, although they appear paler than in later samples. However, we saw no evidence of small partially formed particles in chains that would resemble the precursors to the fully formed chains reported in ref. 18 . A small number of cells were observed, with a few scattered particles similar to those described in the previous literature (17) , but these cells were not in a chain formation. This finding suggests that the formation of chains of mature-sized magnetosomes is a rapid step, occurring within 15 min. As time increased, the number of cells containing magnetosome chains increased so that 30-60 min after induction, most cells contained long chains of dark, full-sized mature magnetite ( Fig. 1 d-f ). There is no apparent correlation between time and particle size or chain length (on this time scale) because long chains and full-size particles are present throughout the process.
Furthermore, it can be seen from Fig. 1 that the chains of magnetosomes throughout the samples are long, contrary to chains seen in M. gryphiswaldense grown under standard conditions, which normally have a chains motif of 20-30 crystals. This finding suggests that the starvation of iron and the subsequent induction of rapid magnetosome synthesis result in longer and more irregular chains.
The short time frame for the formation also is reflected in the bacterial iron uptake, which is dramatic over the first few minutes (Fig. 2) . Of the total iron taken up by the cells, 75% is consumed in the first 15 min and 86% in the first 30 min. This result is supported by recent iron-uptake gene studies that also show significant cellular iron uptake within 10 min of induction, which is similar to the results presented here (19) . The magnetic optical density (C mag ) is a qualitative measure of the cells' magnetization (20) . In this study, the cells acquire a significant magnetization in the first 15-30 min and then remain so thereafter (a decrease in magnetism over time in the figure is because of the increase in cell number that increases multiple scattering, which in turn reduces the extent of differential light scattering). This result confirms that the magnetosomes become magnetic within this time (Fig. 2) .
XAS obtained with the magnetic field applied parallel and antiparallel to the x-ray beam, together with the resulting XMCD spectrum, are shown in Fig. 3 . These spectra were measured for the final mature sample obtained 24 h after induction. The difference in the two absorption curves can be clearly seen in Fig. 3a and demonstrates the magnetic nature of the sample (a nonmagnetic sample would yield identical absorption spectra). The XMCD spectrum (taken as the difference of the two curves in Fig. 3a) is shown together with a best-fit calculation in Fig. 3b . The differing magnetic alignments of the Fe ions on the three magnetite sites (two octahedral and one tetrahedral) lead to positive and negative peaks in the XMCD, which can be associated with each site, as indicated in Fig. 3b . The calculated XMCD for each site in stoichiometric magnetite is shown in Fig. 3c . By scaling each component and by using the resultant summed spectrum (red line in Fig. 3b ) to fit the XMCD data, the site occupancies for a given sample can be determined. The values obtained for the mature (24-h) sample are given in Table 1 and suggest the formation of magnetite in a slightly reduced form.
The magnetization-averaged XAS for a series of magnetosomes with increased formation time, together with their associated XMCD curves, are shown in Fig. 4 . These magnetizationaveraged absorption curves give useful information on the chemical valance of a sample. It can be seen from the figure that the sample obtained 15 min after induction yielded a different XAS, compared with the more mature samples, with a pronounced shoulder feature clearly observed on the left of the main L 3 peak. Comparison with the XAS curves shown in Fig.  4 Inset (obtained from mineral samples) would suggest the presence of an Fe 2 O 3 phase in these immature magnetosomes. Further, the absence of an XMCD curve would suggest that this phase is not magnetic, thus differentiating it from the magnetic ␥-Fe 2 O 3 (maghemite) phase. However, there is an apparent discrepancy with the data in Fig. 2 , which suggests that these immature magnetosomes are magnetic. The explanation for this finding lies in the limited probing depth of the XMCD technique used here, which is only 3-4 nm into the sample surface. Together, all of these factors suggest the presence of a surface layer of the nonmagnetic (strictly speaking antiferromagnetic) ␣-Fe 2 O 3 (hematite) phase, covering a magnetic phase (presumably magnetite) beneath.
Samples prepared with formation times of Ն30 min were found to give XAS curves characteristic of magnetite, as can be seen by comparison with the reference curve in Fig. 4 Inset. In addition, the onset of a strong XMCD was observed after only 30 min, with the characteristic features of magnetite shown in Fig. 3b . By fitting each XMCD curve by using the procedure outline earlier, the site occupancies for each sample were determined (Table 1) . From these values, it appears that the site occupancy remains fixed as soon as magnetite formation is observed, 30 min after induction, and is unchanged after 24 h. Only one sample (45 min) was found to show a slight variation from the final mature magnetosome values.
The intensity of the measured XMCD signal is proportional to the degree of magnetization of the sample. Thus, the reduced XMCD seen for samples with formation times of Ͼ30 min is likely to be caused by incomplete magnetic saturation of these samples in the magnetic field applied in this experiment (0.6 T). The magnetic field required for complete saturation is a function of the size of the magnetite and will decrease as the particles become small enough to approach the so-called superparamagnetic limit. Thus, the change in the overall intensity of the XMCD, seen in Fig. 4 , is probably a result of the slight enlargement of magnetosomes as their formation progresses.
Thus, it can be concluded that immature magnetosomes are formed within 15 min, which appear to be magnetite particles coated with a hematite precursor layer, and fully mature magnetite is formed within 30 min and remains unchanged thereafter. This rapid formation is consistent with the magnetic and microscopic analyses. The slightly reduced composition of magnetite is the same as that identified for several bacterial biogenic magnetite samples, synthesized both inter-(21) and extracellularly (22), with near identical stoichiometry as seen here (22).
Discussion
It is clear that the time scale of this reaction is far shorter than previously anticipated and is contrary to the Komeili et al. (18) study, which claims magnetosomes take Յ21 h to reach their full size. It is possible that the surface layer of ␣-Fe 2 O 3 (hematite) found in this study could be the remains of a precursor phase used in the magnetite-formation process. Previous authors have highlighted the possibility of an Fe 2 O 3 phase being present in magnetosomes (10, 11) . However, it also could be the result of some enhanced surface oxidation that occurs because of the greater surface area in the immature magnetosomes. It would be surprising that such a pure phase should be obtained under such uncontrolled oxidation conditions. In any case, it is clear that this surface layer has completely disappeared between 15 and 30 min after induction. Thus, we can set an upper limit of 30 min for the lifetime of this ␣-Fe 2 O 3 phase.
The discrepancy between the results presented here and those of Komeili for M. magneticum AMB1 is mainly because of the growth conditions used, rather than the difference in bacterial species. Study of magnetosome formation in the same bacterium, M. magneticum AMB1, by Suzuki et al. (19) showed that iron uptake was extremely rapid, with 60% of total uptake occurring within 10 min, with an intracellular concentration of iron Ͼ3,000 nmol/10 9 cells. By contrast, in the work by Komeili, the first rapid phase of iron uptake was only completed after 5 h. In both this and related work, including that of , magnetosome formation occurs concomitantly with iron uptake, and there is no evidence for a prior iron storage stage. This finding suggests that iron uptake is a limiting step in magnetosome biosynthesis. Rapid magnetosome formation appears correlated with respiratory growth under microaerobic conditions at low pO2; the slower magnetosome formation reported by Komeili was for bacteria grown anaerobically with nitrate as the terminal electron acceptor, and hence energy production would be lower. However, the secondary phase of maturation from small, immature magnetite crystals of 5-20 nm into perfect cubooctahedral particles, previously observed for both M. gryphiswaldense MSR-1 and M. magneticum AMB1 (17, 19) , appears much shorter in our studies.
The findings presented here demand a rethinking of this biomineralization process with respect to time scale and mechanism. Thus, analysis of magnetosome material in the seconds or minutes that follow induction is needed, although the logistics of such a study are daunting.
Although fast precipitation of magnetite is not uncommon in chemical synthesis, previously suggested biomineralization mechanisms have proposed longer multistep synthesis owing to the well defined high quality of the crystals and a lack of structural defects synonymous with slower growing crystals. An earlier presumption that crystals grow bilaterally and sequentially from the center of the chain out was thought likely because it accounts for smaller crystals at the ends, as well as being a similar method to the biomineralization of Chitons teeth. However, this theory was recently disproved by Komeili et al. (18) and is reinforced in this study, where crystals are seen to grow simultaneously within a chain, and full long chains are seen rapidly. Crystals appear to be of a mature size and well defined morphology in the first sample, taken just 15 min after induction.
Chemical precipitation of highly crystalline particulate magnetite can be a spontaneous reaction (23) . However, such chemical reactions are carried out at high temperatures, with ambient temperature reactions being slower and generally producing poor quality crystals (24) . The results presented here suggest a similar rapid magnetite formation within magnetic bacteria, but without the use of high temperatures. It is well known that biological systems catalyze reactions at physiological temperatures that would require high temperatures for purely chemical conversion to overcome large activation barriers. The classical case is the conversion of nitrogen to ammonia by prokaryotic nitrogenase complexes (25) . Although the role of all of the magnetosome-associated proteins and the exact formation process have not been fully identified, it is clear that magnetite formation is highly regulated by the organism with regard to iron transport, nucleation, crystal growth, morphology, and chain formation. We now suggest that there is a biologically catalyzed magnetosome synthesis that allows rapid precipitation of magnetite (normally seen at high temperature) at room temperature.
Methods
Fermenter Cultivation. A nonmagnetic inoculum of M. gryphiswaldense, strain MSR-1 (DSMZ 6361), was prepared in screwcapped 10-ml volumes of a modified activated charcoal medium (26) , with the omission of agar and iron. This medium contained (per liter of deionizer water) 2.38 g/liter Hepes, 3.00 g/liter sodium pyruvate, 0.10 g/liter yeast extract, 3.00 g/liter soybean peptone, 0.34 g/liter NaNO 3 , 0.10 g/liter KH 2 PO 4 , 0.15 g/liter MgSO 4 ⅐7H 2 O, and 3.00 g/liter 20-40 mesh-activated charcoal. The medium was autoclaved after adjustment of the pH to 7.0. Then 1 mM sterile 1,4-DTT and 20 M ferric-quinate were added aseptically after autoclaving. The cultures were grown overnight at 28°C at 150 rpm shaking. The fermenter inoculum of 1.5 liters of nonmagnetic cells was cultured at 28°C in a loose-capped bottle in a microaerobic cabinet (1% O 2 ).
Fermenter growth was carried out in a 15-liter fermenter (Applikon) in the same medium as earlier, but with the omission of DTT, Hepes, activated charcoal, and any iron, at an O 2 tension of 3-5% at 28°C, with medium and protocol followed as in Heyen et al. (27) . Dissolved O 2 tension was controlled by measuring the dissolved oxygen tension with an oxygen electrode (Oxyprobe) and use of a PID control loop on the AD1030 biocontroller. Once OD 600 ϭ 0.315 was reached, the O 2 tension was reduced to 0.5-1% before adding ferric quinate to a final concentration of 150 M. Thereafter, the set point for dO 2 control was 0.5%. Sampling was performed at set time intervals of 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, and 10 h after induction, as well as samples taken before induction and at the end of the experiment 24 h after induction.
Sampling and Analysis. Five hundred-milliliter culture samples were harvested at set time intervals on ice and treated with 30 g/ml chloramphenicol. Then 2 ϫ 1-ml aliquots were used for optical and magnetic optical density reading and to prepare TEM grids. The bulk samples were centrifuged at 10,000 ϫ g for 10 min at 4°C, and the cell pellets were resuspended in 7 ml of cell lysis buffer [50 mM Tris and 50 mM EDTA (pH 8.0)] and plunged into liquid N 2 . Supernatants were filtered, acidified, and then subjected to elemental analysis for iron (Optima 5300 DV ICP-OES; PerkinElmer). Magnetic optical density measurements were performed as described in ref. 20 . The optical density of the samples was measured at 600 nm (Ultrospec III spectrophotometer; Amersham Pharmacia). A bar magnet (neodymium boron) was then placed next to the sample holder parallel and perpendicular to the sample to create magnetic fields parallel and perpendicular to the incident beam. The ratio of the two values gives C mag ϭ OD ʈ /OD Ќ Ϫ 1, providing a qualitative estimation of the magnetization of the samples (20, 28) . Thus, C mag ϭ 0 for nonmagnetic cells and increases with increasing magnetization. TEM samples were washed with water three times, mounted onto a 300 mesh Cu Formvar/carbon-coated grid (Agar Scientific), and stained with uranyl acetate. TEM microscopy was performed on an FEI Tecnai T20 transmission electron microscope operated at 200 kV and equipped with an LaB6 filament (Department of Physics and Astronomy, University of Glasgow, Glasgow, Scotland).
Magnetosome extraction was modified from a method reported in ref. 29 . Cells were lysed (Constant Systems Z Plus cell disrupter 20,000 psi), and magnetosomes were collected (magnetic separator rack; Invitrogen), washed [10 mM Hepes (pH 7.4), 20 mM NaCl, and then 10 mM Hepes], and purified by ultracentrifugation at 154,000 ϫ g for 3 h (OTD55B with TH641 swinging bucket rotor; Sorvall) on a sucrose cushion [50% (wt/wt) sucrose in 10 mM Hepes]. All mineral fractions were recovered and washed in PBS. The lipid vesicle was removed at the Synchrotron Radiation Source (SRS; Daresbury, U.K.) in an oxygen-free cabinet sonicated in acetone. XAS measurements were performed on beamline 5U.1 at the SRS by using circularly polarized radiation. The samples were mounted and transferred to the beamline anaerobically and immediately loaded into the vacuum chamber. XAS measurements were obtained by using the total electron yield method of detection, and the XMCD was recorded by reversing the sample magnetization at each point in the scans by using an eight-pole vector magnet. To perform this process, a magnetic field of Ϯ0.6 T was applied along the x-ray beam direction. The measured XMCD was fitted by using a nonlinear least squares method. The calculated XMCD curves for each Fe site that was utilized in the fitting were first convoluted by a Gaussian to account for experimental broadening. In all cases, the number of vacancies was assumed to be zero.
